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It is a long-term efforts target to verify directly the displacement current in 
experiment. In recent years, with the development of testing techniques，It becomes 
possible to directly measure the displacement currents. Some scholars have directly 
measured the magnitude of the displacement current in experiment. However, they 
merely validate the amplitude of the displacement current, but never try to validate the 
orientation of displacement current in the experiment. In 2010, the experimental 
groups firstly proposed the idea of directly measuring the orientation of the 
displacement currents. Subsequently, we propose several experimental methods and 
carried out experimental studies. 
In this paper, we use two experimental methods to verify the direction of the 
displacement current. The experiment groups use Fammeter sensor (method 1) and 
single microcrystalline core sensor (method 2) to directly measure the direction of the 
displacement current in the barium titanate capacitors. In past studies，Fammeter 
sensor not only measured the amplitude and direction of conduction current but also 
measured the amplitude of the displacement currents, so classifying it is also possible 
to measure the direction of the displacement current. Similarly, the single Permalloy 
core sensor has measured the amplitude of the displacement current, we predict single 
crystallite core sensor (better performance) can be used to simultaneously measure the 
amplitude and direction of the displacement current. Comparing with the direction of 
conduction direction, we confirm the direction of the displacement current. 
Since the displacement current is very weak, there are a lot of factors may affect the 
phase in experiment. The experimental groups consider the following influencing 
factors and carry out research: 1) The voltage value of the capacitor plates; 2) The   
dielectric material of capacitor and its dielectric constant; 3) The turns of the solenoid; 
4) The solenoid core material and its magnetic permeability; 5) Magnetic shielding 
material and its shielding effect; 6) The measured frequency limit and scope; 7) 
















9) The phase affected by solenoid; 10) The phase affected by capacitors; 11) The 
phase affected by transformer 
Experimental results show that, in the first experimental method, the sensitivity of 
Fammeter sensor can be achieved μA, which can detect the displacement currents in 
the barium titanate ceramic capacitor. In the 3KHz-50KHz frequency range, As a 
reference to conduction current experimental results, experimental method 1   
Verified that the direction of displacement current is consistent with classical 
electromagnetic theory predicted. In the second experimental method，As a reference 
to conduction current experimental results, experimental method 1 Verified that the 
direction of displacement current is consistent with classical electromagnetic theory 
predicted in the frequency 100Hz-2KHz range. The direction of displacement current 
as same as classical electromagnetic theory predicted. The experiment will improve 
the In-depth understanding of Maxwell's theory and its displacement current. This 
will play a certain role in promoting the further development of the theory of 
electromagnetic field. 
 
Keywords: displacement current direction ； phase influencing factors ； 
































目  录 
摘  要 ......................................................................................................... I 
第一章 绪  论 .......................................................................................... 1 
1.1 位移电流 .................................................... 1 
1.1.1 位移电流的概念 ..................................................................................... 1 
1.1.2 麦克斯韦方程组和位移电流 ................................................................. 1 
1.1.3 平行板电容器中位移电流的分布 ......................................................... 4 
1.2 位移电流的方向验证 .......................................... 5 
1.2.1 位移电流的方向 ..................................................................................... 5 
1.2.2 国内外研究现状 ..................................................................................... 6 
1.2.3 研究的意义 ............................................................................................. 7 
1.3 本文的主要研究内容 .......................................... 8 
1.3.1 总体实验思想 ......................................................................................... 8 
1.3.2 主要研究内容 ......................................................................................... 8 
1.4 本章小结 .................................................... 9 
第二章 位移电流方向验证方案 ............................................................ 10 
2.1 实验方案一及原理 ........................................... 10 
2.1.1 实验框架 ............................................................................................... 10 
2.1.2 实验原理 ............................................................................................... 12 
2.1.3 传感器工作原理 ................................................................................... 13 
2.1.4 实验技术路线图 ................................................................................... 14 
2.2 实验方案二 ................................................. 15 
2.2.1 实验框架 ............................................................................................... 15 
2.2.2 实验介绍 ............................................................................................... 15 
2.2.3 实验原理 ............................................................................................... 16 
2.3 实验装置介绍 ............................................... 17 
2.3.1 装置的规格及型号 ............................................................................... 17 
2.3.2 钛酸钡陶瓷电容器 ............................................................................... 18 
2.4 实验要点 ................................................... 19 
2.4.1 理论依据 ............................................................................................... 19 
2.4.2 实验的重点及关键 ............................................................................... 19 
2.5 本章小结 ................................................... 20 
第三章 Fammeter 传感器 ...................................................................... 21 
3.1 磁芯材料的选择 ............................................. 21 
3.1.1 磁性材料的分类 ................................................................................... 21 
3.1.2 非晶磁芯 ............................................................................................... 23 
3.1.3 微晶磁芯 .............................................................................................. 25 
















3.2.1 示波器法测量原理 ............................................................................... 27 
3.2.2 示波器上的波形转换 ........................................................................... 28 
3.2.3 测量结果分析 ....................................................................................... 30 
3.2.4 通入外加电流磁滞回线上的反应 ....................................................... 33 
3.3 磁芯的配对 ................................................. 34 
3.3.1 非晶磁芯配对的过程 ........................................................................... 34 
3.3.2 微晶磁芯的配对过程 ........................................................................... 37 
3.4 Fammeter 传感器的制作 ...................................... 38 
3.5 本章小结 ................................................... 39 
第四章 装置的屏蔽 ................................................................................ 40 
4.1 静电屏蔽 ................................................... 40 
4.1.1 静电屏蔽原理 ....................................................................................... 41 
4.1.2 静电屏蔽应用 ....................................................................................... 41 
4.1.3 静电屏蔽装置 ....................................................................................... 42 
4.1.4 与磁屏蔽、电磁屏蔽的关系 ............................................................... 43 
4.2 电磁屏蔽 ................................................... 44 
4.2.1 电磁屏蔽原理 ....................................................................................... 44 
4.2.2 影响电磁屏蔽的几个要素 ................................................................... 45 
4.2.3 电磁屏蔽设计 ....................................................................................... 46 
4.3 磁屏蔽 ..................................................... 47 
4.3.1 磁屏蔽原理 ........................................................................................... 47 
4.3.2 磁屏蔽的设计要点 ............................................................................... 48 
4.3.3 屏蔽罩的制作 ....................................................................................... 49 
4.4 总屏蔽装置 ................................................. 52 
4.5 本章小结 ................................................... 53 
第五章 实验方案一结果分析 ................................................................ 54 
5.1 灵敏度的测量 ............................................... 54 
5.1.1 非晶磁芯传感器灵敏度 ....................................................................... 54 
5.1.2 微晶磁芯传感器灵敏度 ....................................................................... 57 
5.2 幅值不同，传导电流的相移 ................................... 60 
5.2.1 非晶磁芯传感器 ................................................................................... 60 
5.2.2 微晶磁芯传感器 ................................................................................... 61 
5.3 感应的幅值大小 ............................................. 63 
5.3.1 位移电流的幅值 ................................................................................... 63 
5.3.2 理论电压幅值 ....................................................................................... 64 
5.3.3 微晶磁芯传感器感应的幅值 ............................................................... 66 
5. 3.4 非晶磁芯传感器感应的幅值 .............................................................. 67 
5.4 实验的影响因素 ............................................. 67 
5.4.1 功放对相位的影响 ............................................................................... 67 
5.4.2 屏蔽前后对相位的影响 ....................................................................... 68 
5.4.3 位移电流与传导电流激发的磁场等效性 ........................................... 72 















5.5 位移电流的方向 ............................................. 74 
5.5.1 非晶磁芯传感器实验结果 ................................................................... 74 
5.5.2 微晶磁芯传感器实验结果 ................................................................... 76 
5.6 本章小结 ................................................... 78 
第六章 实验方案二结果分析 ................................................................ 79 
6.1 实验操作 ................................................... 79 
6.1.1 两级放大后电压值 ............................................................................... 79 
6.1.2 两级放大对相位的影响 ....................................................................... 81 
6.2 实验数据分析 ............................................... 82 
6.2.1 感应波形与频率的关系 ....................................................................... 82 
6.2.2 实验中参数的确定 ............................................................................... 84 
6.2.3 实验的可重复性 ................................................................................... 86 
6.3 非晶磁芯实验结果 ........................................... 87 
6.3.1 线圈匝数与感应 大值时的频率的关系 ........................................... 87 
6.3.2 匝数为 813 匝位移电流的相位 ........................................................... 88 
6.3.3 匝数为 284 匝位移电流的相位 ........................................................... 90 
6.3.4 各匝数相位统计结果 ........................................................................... 91 
6.4 微晶磁芯实验结果 ........................................... 92 
6.4.1 线圈匝数为 537 匝时结果 ................................................................... 92 
6.4.2 线圈匝数为 150 匝时结果 ................................................................... 94 
6.4.3 各匝数位移电流方向的测量结果 ....................................................... 95 
6.5 屏蔽罩改进后实验结果 ....................................... 96 
6.5.1 线圈匝数为 103 匝实验结果 ............................................................... 96 
6.5.2 相位与匝数、频率的关系 ................................................................... 98 
6.5.3 各匝数实验结果 ................................................................................... 99 
6.6 本章小结 .................................................. 100 
第七章 结论与展望 .............................................................................. 101 
参考文献 ................................................................................................ 103 
攻读硕士学位期间的论文 .................................................................... 107 
致  谢 ..................................................................................................... 108 





















ABSTRACT ............................................................................................. Ⅱ 
Chapter 1  Introduction .......................................................................... 1 
1.1 Displacement current ...................................................................................... 1 
1.1.1 the concept of the displacement current ................................................... 1 
1.1.2 Maxwell's equations and the displacement current .................................. 1 
1.1.3 the displacement current in Parallel plate ................................................. 4 
1.2 Verification of Displacement current’s direction ......................................... 5 
1.2.1 The direction of the displacement currents ............................................... 5 
1.2.2 Research status at home and abroad ......................................................... 6 
1.2.3 The significance of the study .................................................................... 7 
1.3 The Main contents of this paper   ................................................................ 8 
1.3.1 The experimental philosophy ................................................................... 8 
1.3.2 The Main research content ........................................................................ 8 
1.4 Summary    .................................................................................................... 9 
Chapter 2  The authentication scheme ............................................... 10 
2.1 the first Experimental program and principles ......................................... 10 
2.1.1 Experimental framework ........................................................................ 10 
2.1.2 Experimental principle ........................................................................... 12 
2.1.3 the senor Working Principle ................................................................... 13 
2.1.4 Experimental Technology Roadmap ....................................................... 14 
2.2 the second Experimental program .............................................................. 15 
2.2.1 Experimental framework ........................................................................ 15 
2.2.2 Experimental introduction ...................................................................... 15 
2.2.3 Experimental principle ........................................................................... 16 
2.3 Experimental apparatus ............................................................................... 17 
2.3.1 Specifications and model of the device .................................................. 17 
2.3.2 Barium titanate ceramic capacitors ......................................................... 18 
2.4 The experimental points ............................................................................... 19 
2.4.1 Theoretical basis ..................................................................................... 19 
2.4.2 The focus of the experiment ................................................................... 19 
2.5 Summary ........................................................................................................ 20 
Chapter 3  Fammeter sensor ................................................................ 21 
3.1 The choice of the core material .................................................................... 21 
3.1.1 Magnetic classification ........................................................................... 21 
3.1.2 Classification of soft magnetic materials ................................................ 23 
3.1.3 Amorphous and microcrystalline ........................................................ 25 
3.2 Hysteresis loop measurements ..................................................................... 27 















3.2.2 Waveform conversion ............................................................................. 28 
3.2.3 Measurement results ............................................................................... 30 
3.2.4 the reaction when Pass into the impressed current ................................. 33 
3.3 Pairing of the core ......................................................................................... 34 
3.3.1 Amorphous core pairing process ............................................................ 34 
3.3.2 The microcrystalline core pairing process .............................................. 37 
3.4 Designing Fammeter Sensor ........................................................................ 38 
3.5 Summary ........................................................................................................ 39 
Chapter 4  Shielding of the device ....................................................... 40 
4.1 Electrostatic shielding ................................................................................... 40 
4.1.1 The principle of electrostatic shielding ................................................... 41 
4.1.2 Electrostatic shielding applications ........................................................ 41 
4.1.3 Electrostatic shielding device ................................................................. 42 
4.1.4 Relationship between the magnetic shielding, electromagnetic shielding
 ......................................................................................................................... 43 
4.2 Electromagnetic shielding ............................................................................ 44 
4.2.1 The principle of Electromagnetic shielding ............................................ 44 
4.2.2 Several factors affect the electromagnetic shielding .............................. 45 
4.2.3 Electromagnetic shielding design ........................................................... 46 
4.3 Magnetic shielding ........................................................................................ 47 
4.3.1 The principle of magnetic shielding ....................................................... 47 
4.3.2 the design points of Magnetic shielding ................................................. 48 
4.3.3 The design magnetic shield means ......................................................... 49 
4.4 The total shielding device ............................................................................. 52 
4.5 Summary ........................................................................................................ 53 
 Chapter 5  The first experimental results ......................................... 54 
5.1 the sensitivity of the sensor ........................................................................... 54 
5.1.1 Amorphous core sensor sensitivity ......................................................... 54 
5.1.2 The microcrystalline core sensor sensitivity .......................................... 57 
5.2 The amplitude of the applied current impact phase .................................. 60  
5.2.1 Amorphous core sensor .......................................................................... 60 
5.2.2 Microcrystalline core sensor ................................................................... 61 
5.3 The induced voltage ...................................................................................... 63 
5.3.1 the voltage of the displacement current .................................................. 63 
5.3.2 Theoretical voltage amplitude ................................................................ 64 
5.3.3 The sensing voltage of microcrystalline core sensor .............................. 66 
5.3.4 The sensing voltage of Amorphous core sensor ..................................... 67 
5.4 The factors of impacting the experiment .................................................... 67 
5.4.1 Power amplifier ...................................................................................... 67 
5.4.2 Shielded before and after ........................................................................ 68 
5.4.3 Excitation magnetic field equivalence .................................................... 72 
















5.5 The direction of the displacement current   .............................................. 74 
5.5.1 Amorphous core sensor experimental results ......................................... 74 
5.5.2 Microcrystalline core sensor experimental results ................................. 76 
5.6 Summary ........................................................................................................ 78 
Chapter 6  The second experimental results ...................................... 79 
6.1 Experimental operation ................................................................................ 79 
6.1.1 Two-stage amplified voltage value ......................................................... 79 
6.1.2 the phase effect of Two-stage amplification ........................................... 81 
6.2 Analysis of experimental data ...................................................................... 82 
6.2.1 The relationship between the induction waveform and frequency ......... 82 
6.2.2 Determine the parameters ....................................................................... 83 
6.2.3 The repeatability ..................................................................................... 86 
6.3 Amorphous core experimental results ........................................................ 87 
6.3.1 the relationship between the frequency and turns................................... 87 
6.3.2 the phase of the displacement current when 813 turns ........................... 88 
6.3.3 the phase of the displacement current when 284 turns ........................... 90 
6.3.4 the phase statistical results ...................................................................... 91 
6.4 Microcrystalline core experimental results ................................................ 92 
6.4.1 the phase of the displacement current when 537 turns ........................... 92 
6.4.2 the phase of the displacement current when 150 turns ........................... 94 
6.4.3 the phase statistical results ...................................................................... 95 
6.5 the results after shield improved ................................................................. 96 
6.5.1 the experimental results when 103 turns ................................................ 96 
6.5.2 the Relationship between Phase and turns, Frequency ........................... 98 
6.5.3 the phase statistical results ...................................................................... 99 
6.6 Summary ...................................................................................................... 100 
Chapter 7  Conclusions and Prospections ........................................ 101 
References .............................................................................................. 103 
Publications ........................................................................................... 107 
Acknowledgements ............................................................................... 108 









































































   
 


























qdS. =SD                                    （1-1）










∂+=                           （1-4） 
ρ=∇ D·                                       （1-5）




∂−=×∇                                    （1-7）
t∂













Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
